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Abstract
A new experiment to search for muon to electron conversion in the nuclear ﬁeld, DeeMe, is proposed at J-PARC
Materials and Life Science Experimental Facility (MLF). Muonic atoms formed in the muon production target is
utilized. The signal electrons from muon to electron conversion is captured and transported to the spectrometer by
the secondary beamline. The single event sensitivities achieved by DeeMe experiment are estimated to be 2.1× 10−14
and 1.2 × 10−13 with a silicon carbide and a graphite muon production target, respectively. The preparation of the
experiment is in progress. The simulation studies for beamline optics, background estimation were performed. Some
performance tests of the prototype of tracking device have been done and further R&D is ongoing. The SiC muon
production target is under development. The current status of DeeMe experiment is reported.
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1. Introduction
Althogh the Standard Model (SM) of particle physics
successfully explains the experimental observations so
far, many questions are left unanswered. It is then be-
lieved that the SM in not the full story and many in-
tensive studies have been dedicated to exploring new
physics beyond the SM both theoretically and exper-
imentally. Lepton Flavor Violation is one of the pro-
cesses forbidden in the original SM. However, the dis-
covery of neutrino oscillation revealed that lepton ﬂavor
does not conserve in the neutral lepton sector. Charged
Lepton Flavor Violaton (cLFV) could be induced by
neutrino ﬂavor mixing in the intermediate state. How-
ever, the brancing ratio of such process is propor-
tional to (Δm2i j/M
2
W )
2, where Δm2i j is the neutrino mass-
squared diﬀerence and MW is the W-boson mass, and
it is estimated to be at the level of 10−50 [1, 2]. This is
too small to be observed experimentally and implies that
cLFV is still forbidden substantially in the framework of
the SM extended for neutrino oscillation. Conversely,
experimental observations of cLFV process give obvi-
ous evidence of existence of new physics beyond the
SM.
Muon to electron conversion in the nuclear ﬁeld
(μ− N → e− N) is a process violating lepton ﬂavor,
and is considered as one of the most powerful probes
to search for cLFV. Sizable branching ratios of muon
to electron conversion are predicted by various theoreti-
cal models, such as SUSY-GUT[3, 4], SUSY-seesaw[5],
Doubly Charged Higgs[6], and so on. For example, su-
persymmetric grand uniﬁed theory (SUSY-GUT) pre-
dicts the brancing ratio of the order of 10−14 ∼ 10−18
based on slepton mixing.
In the aspect of experimental study, the current up-
per limits for muon to electron conversion in the nuclear
ﬁeld are given by the experiments at TRIUMF and PSI.
The upper limit for gold (μ− Au→ e− Au) is 7 × 10−13
from the results of SINDRUM-II experiment at PSI [7],
and those for titanium (μ− Ti → e− Ti) are 4.3 × 10−12
and 4.6×10−12 from the results of SINDRUM-II [8] and
an experiment at TRIUMF [9], respectively. The exper-
imental results are getting closer to the level of theoret-
ical predictions and it is expected to reach the predicted
level by improving the experimental sensitivity by only
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a few orders of magnitude. In this kind of situation,
more sensitive experiments should be started in a timely
manner.
2. DeeMe Experiment
An experiment searching for muon to electron con-
version in the nuclear ﬁeld, DeeMe, is proposed at J-
PARCMaterials and Life Science Experimental Facility
(MLF)[10, 11]. DeeMe experiment will be conducted
using a brand-new beamline (H-line) which is now un-
der construction at J-PARC MLF Muon Science Estab-
lishment (MUSE). Figure 1 shows a conceptual view of
DeeMe experiment. The primary proton beam is accel-
erated to 3 GeV by J-PARC Rapid Cycling Synchrotron
(RCS) and injected into the muon production target.
The proton beam has bunched structure and its inter-
val is 40 msec. Each bunch has two pulses of 200 nsec
width and they are separated by 600 nsec (Figure 2). Pi-
ons produced at the target decay into muons in ﬂight.
Low energy muons stop in the production target and
form muonic atoms after being captured by the nuclei.
These muonic atoms are utilized to search for muon to
electron conversion in the nuclear ﬁeld. The signal elec-
trons from muon to electron conversion in the muonic
atoms emitted in the direction of H-line are transported
to the spectrometer by the beamline. Because the sig-
nal electrons are mono-energetic (105 MeV/c), they can
be identiﬁed by the momentum analysis using the spec-
trometer. The transmission eﬃciency of the signal elec-
trons can be maximized by optimizing the beam optics
for the momentum of 105 MeV/c. At the same time,
low momentum backgrounds are rejected during trans-
portation in the beamline.
When the proton beam hits the target, a number of
particles are produced simultaneously and a part of them
reach the spectrometer. These particles are emitted at
the moment of proton irradiation on the target and called
”prompt burst”. On the other hand, if muon to elec-
tron conversions occur in the muonic atoms, the emit-
ted electrons are delayed by μsec order after the proton
beam hits the target. Thanks to the bunched structure
of the proton beam, the prompt burst can be rejected by
selecting the delayed electrons. Therefore, the analy-
sis time window is delayed by 300 nsec from the pulse
timing of the primary proton beam. The length of the
window, or the live time of the spectrometer is 2 μsec.
The beam structure is shown in Figure 2 together with
the analysis time window.
The possible backgroud sources are Decay In Or-
bit, radiative pion capture, after proton induced back-
grounds and cosmic ray induced backgrounds. Decay In
Figure 1: A conceptual view of DeeMe experiment.
Figure 2: The bunched structure of the primary proton beam and the
time window for analysis.
Orbit (DIO) is Michel decay of μ− in 1S orbit of muonic
atom. Due to the recoil eﬀect of the nucleus, the end
point of the momentum distribution of DIO electron is
extended to the momentum of the electron from μ − e
conversion. Radiative pion capture creates electrons via
the following process: π− + (A, Z) → (A, Z − 1)∗ →
(A, Z − 1) + γ, γ → e+e− . This process arises at the
prompt timing and can be rejected by selecting delayed
electrons. After proton induced background is describe
in Sec. 6.
3. Beamline & Spectrometer
The primary proton beam is delivered to J-PARC
MLF in the fast extraction from RCS. The frequency is
25 Hz and each bunch has double pulse, as already men-
tioned. The energy and power of the beam is 3 GeV and
300 kW, respectively. The beam power will be upgraded
to 1 MW in the near future. In the primary beamline of
MLF, a muon production target is installed and there are
4 muon beamlines around the target. These are collec-
tively called Muon Science Establishment (MUSE). At
the downstream of the muon production target, a neu-
tron production target is placed and more than 20 beam-
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lines exist. Most of beamlines in MLF are used for ma-
terial science or life science.
H-line is conceptually designed by Jaap Doornbos in
TRIUMF and now under construnction at MUSE[12].
It is a multipurpose beamline and some experiments re-
lated to fundamental physics of muon, such as muonium
hyperﬁne splitting and muon g-2/EDM, are proposed in
addition to DeeMe.
Figure 3 shows a three dimensional view of H-
line and spectrometer. H-line essentially consists of a
capture solenoid magnet(HS1), two transport solenoid
magnets(HS2 and 3), two benging magnets(HB1 and
2), and a triplet of quadrupole magnets(HQ). The spec-
trometer is located at the downstream of the beamline
to measure the momentum of transported electrons. It
is composed of a dipole magnet (PACMAN) and to-
tally four trackers, two at the upstream and two at the
downstream of the magnet. A study of the beam optics
based on a Monte Carlo simulation was performed us-
ing G4BEAMLINE package[13]. At ﬁrst, the beam op-
tics was optimized for the momentum of the signal elec-
trons from muon to electron conversion (105 MeV/c) by
means of tuning the current of each magnet in the sim-
ulation. After that, the acceptance of H-line at the spec-
trometer was obtained as a function of momentum as
shown in Figure 4. The acceptance reaches more than
120 mSr/(MeV/c) at the signal region and the accept-
able momentum region is widely spread from 90 MeV/c
to 120 MeV/c. This moderate Δp enables simultaneous
backgound monitoring at higher and lower momentum
regions. The former is caused by electrons induced by
after protons as explained in Sec. 6. The latter comes
from Decay In Orbit electrons and measuring its mo-
mentum spectrum is critically important for background
estimation in the signal region.
The frontend magnets of H-line, HS1 and HB1, were
installed in 2012. The spectrometer magnet, PACMAN,
which was used for PIENU experiment at TRIUMF
M13 area, was transported to J-PARC and brought in
MLF in August 2014. Figure 5(a) and (b) show the fron-
tend magnets and PACMAN, respectively.
4. Tracker
As tracking detector of the spectrometer, micro-cell
multi-wire propotional chamber (MWPC) is employed .
Tracks of electrons are reconstructed by four MWPC’s
for momentum analysis. In the experiment, the spec-
trometer is exposed to the prompt burst. Approximately
108 minimum ionizing particles (MIP) are contained in
each pulse within 200 nsec width. This gives a huge in-
stantaneous hit rate of an order of 10 GHz/mm2. In or-
Figure 3: A three dimensinal view of H-line and spectrometer drawn
by g4beamline. HS1,2 and 3 are solenoid magnets. HB1 and 2 are
septum bending magnets. HQ is a triplet of quadrupole magnets for
beam focusing. PACMAN is a dipole magnet and used as a spectrome-
ter magnet. Trackers are installed at the upstream and the downstream
of PACMAN. A Wien ﬁlter is placed between HS2 and HS3 for the
other experiments at H-line and is not used for DeeMe.
der to detect delayed electrons, the spectrometer should
return to be operational in 300 nsec after the burst. A
prototype of MWPC with an active area of 16 mm × 16
mm was developed. The wire spacing between anode
and potential wire is 500μm. A performance test was
carried out at a muon beamline of J-PARC MUSE (D-
line). We veriﬁed its performance after a burst pulse
corresponding to instantaneous hit rate of MIP of 50
MHz/mm2. This rate is approximately 30 times higher
than that in the original plan of DeeMe. In the origi-
nal plan, kicker magnets were assumed to be installed
in the beamline and kick out the prompt burst to pro-
tect the detectors. In order to make MWPC operational
without kicker, HV switching technique is developed.
Positive ions left after gas multiplication attenuate
electric ﬁeld around the wire, resulting in gain reduc-
tion. This is so-called space-charge eﬀect and limits
the ability of MWPC at high rate. The beam test with
higher rate was done at the LINAC of Kyoto Univer-
sity Research Reactor Institute (KURRI) and it was no-
ticed that the gain of the MWPC is clearly reduced by
the electron beam pulse of more than 100 MHz/mm2
instantaneous rate within 200 nsec width.
HV switching technique solves the space-charge
problem. Avalanche multiplication triggered by prompt
burst is strongly suppressed by switching HV on the
potential wires from ground to almost the same level
of anode just during the burst because the electric ﬁeld
around anode wires becomes much weaker. A test ex-
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Figure 4: Momentum acceptance of H-line at each component of the
beamline. The closed circles show the acceptance for the electrons
transported to the spectrometer.
Figure 5: Pictures of magnets. (a) The frontend magnets of H-line,
HS1 and HB1. HS1 consists of three components, HS1A, B and C.
(b) PACMAN magnet for spectrometer.
periment was done at J-PARC MUSE D-line in March
2014 to verify developed HV switching technique. The
MWPC was irradiated with surface muon beam and the
signals from anode wires were read out. In addition, a
scintillation counter was placed behind the MWPC and
the signals of muons penetrating the MWPC were also
read out and used as reference signal. Constant voltage
was applied to anode wires of the MWPC (1100 V) and
pulsed voltage controlled by start signal of accelerator’s
extraction was applied to potential wires.
The HV switching was tested up to 1000 V switching.
It was successfully operated without any HV trip. The
behavior of the switching was checked changing time
diﬀerence between muon pulse and the switching. As
shown in Figure 6, gas gain is suppressed during the
switching period.
The second prototype of MWPC was built. Figure
7 shows a picture of the second prototype of MWPC.
Figure 6: Waveforms of signals from the scintillation counter, the
MWPC, and the switching gate. The hatched areas show HV switch-
ing periods. During these periods, HV applied for anode and potential
wires are almost the same and thus gas multiplication does not take
place. In the top ﬁgure, muon pulses come after switching period and
signals of the MWPC corresponding to the muon pulses can be seen.
On the other hand, in the bottom ﬁgure, muon pulses are covered by
switching region and no signal exists in the waveform of the MWPC,
while muon pulses appear in the waveform of the scintillator.
It has the same wire length of the MWPC used in the
physics run. Performance tests of the second prototype
will be done using muon beam of J-PARC MUSE and
electron beam of KURRI LINAC.
5. Muon Production Target
Currently, the muon production target made of
graphite (C) is used in J-PARC MUSE. In order to max-
imize the physics sensitivity of the experiment, it is
planned to replace the current graphite target with a sil-
icon carbide (SiC) target. The experiment prefers larger
muonic nuclear capture rate ( fMC) and, in general, the
larger atomic number, the larger fMC . On the other
hand, longer life time of muon in a muonic atom (τμ− ) is
also desirable because the time window for analysis is
delayed from the prompt timing, and the larger atomic
number, the shorter τμ− . It is considered that silicon
carbide (SiC) is a leading candidate material suited to
the experiment. SiC is compound of silicon and car-
bon, and has good mechanical properties. It is used in
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Figure 7: A picture of the second prototype of MWPC.
many ﬁelds in which high performance is required, such
as nuclear fusion reactor, space application, etc. The
τμ− is required to be longer than 300 nsec in order to
avoid the prompt burst. The τμ− of silicon and carbon
is 0.76 μsec and 2.03 μsec, respectively, then they sat-
isfy the above requirement. The fMC of silicon is 0.62,
while that of carbon is 0.08 . Thus SiC gives larger
muon capture rate than graphite. If the material consists
of several diﬀerent atoms, negative muons are divided
among these atoms with the fraction of atomic muon
capture( fC) which is propotional to the atomic number
(Fermi-Teller-Z law). In case of SiC, the fractions of
muons captured by silicon and carbon nucleus are 0.7
and 0.3, respectively, i.e. fC(Si)=0.7 and fC(C)=0.3 .
For graphite, fC(C) equal 1 because graphite is sigle el-
ement material. The number of muonic atoms formed in
the material is proportional to the sum of the product of
fMC and fC . The Σ fMC × fC for SiC and graphite is 0.46
and 0.08, respectively. This means that the experiment
with a SiC target is 6 times as sensitive as that with a
graphite target.
The development of the SiC rotating target is in
progress. The rotation of the target disk is necessary for
the operation under the upgraded 1 MW proton beam
in order to diﬀuse heat genarated by irradiation. The
graphite rotating target was installed in September 2014
in J-PARC MUSE and the design of the SiC rotating
target is based on that. The prototype of SiC rotationg
target was fabricated and heating and rotating test was
performed. Figure 8 shows a picture of the prototype of
SiC rotating target.
The density of SiC is greater than that of graphite.
This makes the width of the primary proton beam larger
at the neutron production target of MLF due to scatter-
ing of protons in the SiC target. The width of the pri-
mary beam can be kept to within the limit by optics tun-
ing of the primary beam and installing a new scraper
between the muon production target and the neutron
target. The scraper was designed and fabricated. Be-
cause of the greater density of SiC, the amount of heat
Figure 8: A picture of the prototype of SiC rotating target.
and dose will be increased. One issue is the durabil-
ity of the superconducting solenoid magnet in the other
muon beamline against the increased heat. According
to Monte Carlo simulation using PHITS[14], generated
heat at the solenoid with the SiC target is estimated to be
twice larger than that with the graphite target. It should
be checked that the solenoid magnet is operational un-
der the condition of use of the SiC taret based on data.
As the ﬁrst step of DeeMe, the experiment will start
with the current carbide target and the SiC target will be
installed after accomplishment of the target and getting
approval for installation from the facility.
6. After Proton Background
After proton means a proton which is extracted from
RCS to MLF at the timing deviated from the beam
pulse. Because the proton beam is fast-extracted, no af-
ter proton exists in principle. However, there is concern
that after proton may be created by the beam halo and
extracted to MLF when the extraction kicker of RCS
is oﬀ. The ﬂow of after proton has no time structure,
hence these protons induce prompt backgrounds in the
time window for analysis.
After proton measurement was performed at RCS.
The beam loss monitor (BLM) is placed along side of
the extraction beamline at the right downstream of RCS
extraction septum magnets and detects protons outside
of the extranction beamline. The BLM consists of two
scincillation counters and a Fe absorber. Low energy
backgrounds are removed by putting the Fe absorber be-
tween two scintillators and taking coincidence of those
scintillators. Figure 9 shows a picture of the BLM.
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Figure 9: The setup of the beam loss monitor (BLM). The BLM is
located right by the extraction beamline and the proton beam travels
inside the beamline.
According to a Monte Carlo study, there is a clear
correlation between the number of after proton (NAP)
and the counts of proton at BLM (NBLM), and the ratio
of NAP to NBLM ( fAP) is about 40. The data for after
proton measurement were taken from 7th March to 25th
May, 2013. Figure 10 shows the time distribution of the
hits of BLM. The NBLM was obtained by integrating the
histogram in the time window for analysis (2μsec) .
Figure 10: The time distribution of the BLM hits. The hatched area
indicates the time window for analysis. Two peak corresponding to
the normal extraction can be seen.
The total number of protons extracted from RCS dur-
ing the measurement (NRCS ) was counted by the accel-
erator group. The ratio of the number of after proton to
the total number of proton extracted from RCS to MLF,
RAP, is expressed by Eq. (1)
RAP =
NBLM × f
NRCS
, (1)
and was measured to be 1.1×10−18. As shown in Sec.
7, the after proton background was estimated using this
RAP and its contribution was found to be very small.
In Figure 10, an exponential shape can be seen in the
time spectrum after the peaks corresponding to the main
extraction. Its life time is roughly consistent with that of
muon. This implies that NBLM is contaminated by elec-
trons from decays of muons stopped in the materials of
the beamline. Then the particle identiﬁcation is neces-
sary for more precise RAP measurement. We are in the
process of designing a new BLM carolimeter.
7. Single Event Sensitivity
The sigle event sensitivily to muon to electron cover-
sion (S ) is expressed by Eq. (2):
S =
1
Rπ− × fπ−→μ− stop × fC × fMC × Aμ−e × T , (2)
where Rπ− is π− a production rate per second,
fπ−→μ− stop is a fraction of stopping muons in the pro-
duction target, fC is the fraction of the atomic capture
of muons to the atom of interest, fMC is the fraction of
muon nuclear capture, Aμ−e is the total acceptance for
electrons from μ−e conversion. Assuming 1 MW beam
power of the primary proton and one year data acquisi-
tion (2× 107 sec), the single event sensitivities achieved
by the experiment are estimated to be 2.1 × 10−14 and
1.2 × 10−13 for the SiC and the graphite target, respec-
tively. Note that the current upper limit of the branch-
ing ratio of μ− Au → e− Au from SINDRUM-II is
7 × 10−13[7].
The background in the signal region is also estimated
by simulation to be as follows:
• Decay In Orbit: 0.09 .
• After proton: < 0.027 (0.05 90% C.L.), assuming
RAP = 10−18.
• Cosmic ray induced background:
e− < 0.018, μ− < 0.001 .
The frequency of the proton beam is 25 Hz and
the time window for analysis is open for 2 μsec.
Thus, detecotor live-time duty is 120000 . The cosmic
ray induced backgrounds are strongly suppressed
by this tiny duty factor.
Figure 11 shows the simulated momentum spectra of
electron from muon to electron conversion, Decay In
Orbit, and after proton background, for the SiC target.
The momentum spectrum of electron from μ − e con-
version is plotted assuiming that the branching ratio of
μ − e conversion is 3 × 10−14.
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Figure 11: Momentum spectra of muon to electron conversion, Decay
In Orbit, and after proton background.
8. Summary
An experiment searching for muon to electron con-
version, DeeMe, is planned at J-PARC MLF MUSE.
A new beamline is under construction and the perfor-
mance of the beamline for the experiment was evaluated
based on simulation. Tracking device of spectrometer is
developed and some performance tests were carried out.
Further R&D is ongoing. The silicon carbide target is
under development. After proton background was mea-
sured and after proton ratio was found to be 1.1× 10−18.
The single event sensitivities achieved by the experi-
ment is estimated to be 2.1 × 10−14 and 1.2 × 10−13 for
SiC target and graphite target, assuming 1 MW proton
beam and 1-year run. DeeMe already has Stage-2 ap-
proval from PAC under KEK-IMSS (Institute of Mate-
rials Structure Science). The preparation of the exper-
iment is in progress in an eﬀort to start data taking in
2015.
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